Iron-functionalized nanoporous silica type SBA-15: Synthesis, characterization and application in alkene epoxidation in presence of hydrogen peroxide  by Ghazizadeh, Mahdieh et al.
Arabian Journal of Chemistry (2013) xxx, xxx–xxxKing Saud University
Arabian Journal of Chemistry
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLEIron-functionalized nanoporous silica type SBA-15:
Synthesis, characterization and application in
alkene epoxidation in presence of hydrogen peroxideMahdieh Ghazizadeh a,b,c, Alireza Badiei b,*, Iran Sheikhshoaie a,ca Department of Chemistry, Faculty of Science, Shahid Bahonar University of Kerman, Kerman 76175-133, Iran
b School of Chemistry, College of Science, University of Tehran, P.O. Box 14155-6455, Tehran, Iran
c International Center for Science, High Technology & Environmental Sciences of Kerman, Kerman, IranReceived 5 October 2012; accepted 8 September 2013*
66
E
Pe
18
ht
P
a
j.KEYWORDS
SBA-15;
Nanoporous silica;
Epoxidation of alkenes;
Heterogeneous catalyst;
Fe(III)salophen complexCorresponding author. Te
405141.
-mail address: abadiei@kha
er review under responsibilit
Production an
78-5352 ª 2013 Production
tp://dx.doi.org/10.1016/j.arab
lease cite this article in press
pplication in alkene epoxid
arabjc.2013.09.016l.: +98
yam.ut.a
y of King
d hostin
and hosti
jc.2013.0
as: Gha
ation inAbstract Fe(III)salophen complex on a SBA-15 support functionalized with (3-aminopropyl)tri-
ethoxysilane as a linker. It has been synthesized and characterized by XRD, adsorption–desorption
of nitrogen, SEM, FT-IR and UV–Vis. The formation of metal-salophen complex with the amino
groups as connectors to the SBA-15 surface was conﬁrmed. This material was successfully used as a
heterogeneous catalyst for the epoxidation of alkenes and the effects of reaction time, different sol-
vents and amount of catalyst on catalytic activity were investigated. This catalyst gave suitable and
comparable yield and percentage conversion values. It is also stable and can be recycled and reused
in the epoxidation of alkenes.
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Schiff base ligands are readily synthesized from the condensa-
tion of an aldehyde or a ketone with an amine, and can coordi-
nate with almost all kinds of metals to form stable complexes
suitable for numerous applications such as chemical analysis
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presence of hydrogen peroxide.et al., 2000) for use in the treatment of cancer (Wang et al.,
2001), in pesticides (Zhu et al., 2000) and as catalysts (Zhang
et al., 2006;Wen et al., 2006;Mao et al., 2006). Some of themost
well-known Schiff base complexes are salen and salophen
complexes that have been shown to be very effective catalysts.
Kochi’s discovery of the effectiveness of Mn-salen complexes
as epoxidation catalysts (Srinivasan et al., 1986), and their
subsequent development in asymmetric catalysis, most notably
by Jacobsen (Zhang et al., 1990) and Katsuki (Irie et al., 1990),
represents a landmark achievement in catalytic oxidation chem-
istry for the enantioselective epoxidation of alkenes. There has
been a great deal of interest in the catalytic partial oxidation
of alkenes to produce epoxides as ﬂexible intermediates and pre-
cursors to many useful chemical products including biologically
active compounds, which are of wide use in the pharmaceutical
and agricultural ﬁelds, as well as in the electronic industry.ing Saud University.
ized nanoporous silica type SBA-15: Synthesis, characterization and
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2 M. Ghazizadeh et al.Therefore, the design of new catalysts for the enantioselective
epoxidation of alkenes by researchers becomes an important
strategy (Pui and Mahy, 2007; Rezaeifard et al., 2010; Sheikh-
shoaie et al., 2009; Morris et al., 2001).
Despite of all these advantages, these catalysts have impor-
tant defects. For example, they are not recoverable and their
separation from the reaction mixture is so difﬁcult or even
impossible. Compared with homogeneous catalysts, heteroge-
neous systems have potential beneﬁts, including ease of separa-
tion from reagents and reaction products, as well as ease of
catalyst recycling and puriﬁcation of products. Therefore, het-
erogenization of catalysts is extremely important, while com-
bining the advantages of homogeneous catalysts (such as
high activity and high velocity, for example) with the advanta-
ges of heterogeneous catalysts (such as easy catalyst separa-
tion, long catalytic life, easy catalyst regenerability, thermal
stability and recycling potential) provides an ideal method to
obtain highly efﬁcient catalysts (Collman et al., 2004).
For these reasons, immobilization of chiral metal-salen
complexes onto various kinds of supports has received consid-
erable attention in recent years (Song and Lee, 2002; McMorn
and Hutchings, 2004; Kantam et al., 2006). Chiral metal-salen
homogeneous catalysts have been immobilized onto different
supports such as mesoporous silica. These materials have large
surface areas, controllable pore sizes of 2–50 nm, high hydro-
thermal stability and abundant silanol groups on the surface,
allowing ready material diffusion and easy functionalization
of organic groups for grafting to catalytic active species. Thus,
chiral metal-salen homogenous catalysts have been applied
widely in the immobilization of chiral salen complexes (Lou
et al., 2007; Yu et al., 2006).
Surface functionalized mesoporous materials have emerged
as one of the most important research areas in the ﬁeld of ad-
vanced functional materials. They have found wide-spread
application in catalysis (Wan and Zhao, 2007; Nozaki et al.,
2002) and other areas. Of these materials, MCM-41 (Ajaikumar
and Pandurangan, 2008; Serrano et al., 2008) and SBA-15 are
used most widely; with SBA-15 in particular being an ideal can-
didate because of its thick walls that can be easily functionalized
using simple silanol chemistry (Kesanli and Lin, 2004). In simi-
lar studies, silica-supported complexes such asMn(III)salophen
(Mirkhani et al., 2006) and Ru(III)salophen (Hateﬁ et al., 2010)
were used as heterogeneous catalysts in the presence of NaIO4
for the epoxidation of alkenes with high yields.
As use of the environmentally benign oxidant H2O2 as well
as cheaper salts such as FeCl3.6H2O is more sustainable, we re-
cently attempted to immobilize Fe(III)salophen complex on a
functionalized SBA-15 support for the ﬁrst time as a heteroge-
neous catalyst in the epoxidation of alkenes with high selectiv-
ity. This study showed that this mesoporous material could
effectively catalyze the epoxidation of alkenes, and that this
heterogeneous catalyst is stable and recoverable. Another
advantage of our work is the use of an environmentally benign
oxidant such as hydrogen peroxide.
2. Materials and methods
2.1. Reagents
Salicylaldehyde, o-phenylenediamine, iron(III) chloride hexahydrate,
amphiphilic triblock copolymer (P123), tetraethylorthosilicatePlease cite this article in press as: Ghazizadeh, M. et al., Iron-functional
application in alkene epoxidation in presence of hydrogen peroxide.
j.arabjc.2013.09.016(TEOS), 3-aminopropyltriethoxysilane (APTES), hydrochloric acid,
hydrogen peroxide, methanol, absolute ethanol, acetonitrile, chloro-
form, dichloromethane and alkenes were purchased from Merck
and Aldrich companies.
2.2. Apparatus
Ultraviolet–visible (UV–Vis) spectra were recorded on a
Perkin Elmer Lambda 25. Fourier-transform-infrared (FT-
IR) spectra were obtained from potassium bromide pellets in
the range 400–4000 cm1 with a Nicolet-Impact 400D spec-
trometer. Scanning electron micrographs (SEM) of the catalyst
and silica were taken using a SEM Philips XL 30 instrument.
Gas chromatography (GC) experiments were performed with
a Shimadzu GC-16A instrument using a 2-m column packed
with silicon DC-200 or Carbowax 20 m. N2 adsorption–desorp-
tion isotherms were measured using a BELSORP mini-II.
2.3. Preparation of catalyst
2.3.1. Preparation of mesoporous SBA-15
The mesoporous SBA-15 was synthesized by following a pro-
cedure similar to that reported by Zhao et al. (1998). In a typ-
ical synthesis, triblock poly(ethylene glycol)–poly(propylene
glycol)–poly(ethylene glycol) (P123) (2.0 g) was dissolved in a
mixture of deionized water (15 mL) and HCl 2 mol/L
(60 mL) under stirring. Then, tetraethyl orthosilicate (TEOS)
(4.25 g) was added dropwise to the solution at 40 C. After
being stirred continuously for 24 h, the mixture was trans-
ferred to a Teﬂon-lined stainless-steel autoclave and placed
in an oven at 100 C for 48 h. The precipitate was in turn re-
moved by ﬁltration, washed with deionized water and acetone
and dried at 100 C for 3 h. The powder obtained was heated
to 550 C and calcinated at this temperature in air for 6 h.
2.3.2. Functionalization of SBA-15 with 3-aminopropyl
triethylsilane (APTES)
SBA-15 surface functionalization with APTES was carried out
using a post-synthesis method as reported by Pallavi et al.
(2007). In brief, calcined SBA-15 (2 g) was ﬁrst suspended in
toluene (30 ml). Then, 2 mmol of APTES was added per gram
of mesoporous silica support and the reaction was heated un-
der reﬂux for 2 h. The white solid of the functionalized SBA-15
(NH2-SBA) was then removed by ﬁltration, washed with tolu-
ene and dried under vacuum (Scheme 1).
2.3.3. Synthesis of the salophen ligand
The synthesis of the salophen was performed according to the
method described in the literature (Khandar et al., 2007). 1,2-
Phenylenediamine (5.0 mmol) in ethanol (25 mL) was added to
salicylaldehyde (10 mmol) in ethanol (25 mL) in a 100-mL
two-necked ﬂask. After reﬂuxing for 45 min, the mixture was
cooled to room temperature. The precipitate was removed by
ﬁltration and recrystallized from ethanol. The yield of the
product was approximately 92%, and the melting point of this
pure orange product was 168 C.
2.3.4. Synthesis of [Fe(salophen)Cl].H2O complex
The iron(III) complex was synthesized by reﬂuxing ethanolic
solutions of equimolar quantities of iron(III) chlorideized nanoporous silica type SBA-15: Synthesis, characterization and
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Scheme 1 Functionalization of SBA-15 with APTES.
alkene epoxidation in presence of hydrogen peroxide 3hexahydrate with salophen for 2 h. The dark red–brown
product was ﬁltered and washed with a small portion of etha-
nol (EP 1 949 899 A1). The yield of the product was approxi-
mately 74%, and the melting point of this complex was
>300 C.
2.3.5. Preparation of heterogeneous catalyst
The supported catalyst was obtained by adding a solution of
[Fe(salophen)Cl]. H2O in DMF to the suspension of function-
alized SBA-15 in dry toluene and stirring for 24 h (Scheme 2).
The resultant powder was removed by ﬁltration, washed with
dry toluene and dried at 80 C in an oven overnight.
2.4. Catalytic experiments
Alkene (0.5 mmol), hydrogen peroxide 30% (1.5 mL) (as oxi-
dant) and Fe-SBA (600 mg) (as catalyst) in solvent (3 mL) at
room temperature were reacted (Scheme 3). Various solvents
such as absolute ethanol, methanol, dichloromethane, acetoni-
trile and a mixture of acetonitrile/H2O (1:1) and differentO
O
O
Si(CH2)3NH2
N N
Fe
Cl
O O
Scheme 2 Prepara
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j.arabjc.2013.09.016amounts of catalyst at room temperature were tested (Hateﬁ
et al., 2010).
3. Results and discussion
3.1. Characterization methods
3.1.1. Low angle XRD patterns
The low angle XRD patterns of prepared SBA-15 (Fig. 1a)
shows a single intensive reﬂection (100) and two additional
peaks corresponding to the higher ordering (110) and (200)
reﬂections, which is associated with a two-dimensional hexag-
onal structure similar to the typical SBA-15 materials (Zhao
et al., 1998). The intensity of reﬂection at 2h angle around
0.8 decreases after immobilizations (Fig. 1) shows that the
coupling agents and iron complex causes the reduction of the
peak intensity of diffraction. This is probably due to the differ-
ence in the scattering contrast of the pores and the walls, and
to the irregular immobilization of iron complexes on the nano
channels.O
O
O
Si(CH2)3NH2
N
N
Fe Cl
O
O
tion of Fe-SBA.
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Fe-SBA/H2O2
CH3CN/H2O
O
Scheme 3 Epoxidation of alkens catalyzed by the Fe-SBA
employed in this study.
2
Figure 1 XRD patterns for (a) SBA-15, (b) NH2-SBA, and (c)
Fe-SBA.
Figure 3 Adsorption–desorption isotherms of (n,h) SBA-15,
( , ) NH2-SBA and ( , ) Fe-SBA.
4 M. Ghazizadeh et al.3.1.2. SEM images
Fig. 2 illustrates the SEM images of SBA-15 and Fe-SBA. The
SEM image (Fig. 2b) shows a dominant lengthy rod-like mor-
phology for Fe-SBA, in a bundle arrangement with a diameter
of approximately 1–2 lm. The same morphology is observed
for SBA-15 (Fig. 2a), indicating that the morphology was
maintained without change during the surface modiﬁcation.
3.1.3. N2 adsorption–desorption
The N2 adsorption–desorption isotherms of all samples
(Fig. 3) exhibit type-IV isotherms with an obvious H1-type
hysteresis loop, revealing strong evidence of mesoporous cylin-
drical or rod-like pores. These results indicate that the meso-
porous texture of the materials was preserved during the
surface modiﬁcation, which was due to the loading of the func-
tional group in SBA-15 and the complex in NH2-SBA. A con-
siderable decrease in height of the capillary condensation stepFigure 2 SEM images of (
Please cite this article in press as: Ghazizadeh, M. et al., Iron-functional
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crease in average pore diameter, pore volume and surface area
(see Table 1). It can be concluded that iron complex function-
alization takes place inside the channels.
3.1.4. Thermogravimetry analysis
Thermo gravimetric (TG) analysis of the samples is presented
in Fig. 4. The amount of decomposition of organic species and
salophen complex was determined by TG analysis. For NH2-
SBA shows one weight loss around 330 C that is due to the
loss of organic functional group. The TG curve of Fe-SBA
shows two weight losses. The ﬁrst weight loss at around
100 C is attributed to the loss of physically adsorbed water,
representing approximately 0.18 g/g of the sample. The second
weight loss is concentrated in the range of 290–350 C, result-
ing from the decomposition of the salophen Fe complex during
hydrothermal treatment. The weight losses of the Fe (III)salo-
phen complex are 0.11 g/g of the sample.
3.1.5. FT-IR and UV–Vis
In the IR spectrum of the H2-salophen ligand, a broad band
characteristic of the OH group at 3000–3500 cm1 is observed.
The retention of this band in the IR spectrum of the complex is
indicative of the fact that the equatorial ligand is coordinated
by a water molecule. The m(C=N) band of H2-salophen at
1613 cm1 also shifts to 1604 cm1 in [Fe(salophen)Cl].H2O
corresponding to the loss of the intramolecular hydrogen
bonding and the formation of a new chelate ring between the
imine nitrogens and Fe(III) ion (Amirnasr et al., 2001). In
the FT-IR spectrum of SBA-NH2, the doublets within the
range 3300–3400 cm1, assigned to the asymmetric anda) SBA-15, (b) Fe-SBA.
ized nanoporous silica type SBA-15: Synthesis, characterization and
Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1016/
Figure 4 TGA curve of NH2-SBA and Fe-SBA.
Figure 5 FT-IR spectrum of (a) salophen (b) NH2-SBA (c) Fe-
SBA.
Figure 6 UV–Vis spectrum of (a) salophen (b) Fe(salophen)Cl
(c) Fe-SBA.
Table 1 Textural parameters of prepared compounds.
Materials BET surface
area (m2/g)
Total pore
volume (cm3/g)
Average pore
diameter (nm)
SBA-15 805 0.72 6.3
NH2-SBA 288 0.62 5.4
Fe-SBA 251 0.60 4.8
Table 2 Effect of solvent on the epoxidation of cyclooctene
using H2O2 catalyzed by Fe-SBA-15 at room temperature
a.
Row Solvent Epoxide yield
1 CH3CN 91
2 CH3CN/H2O (1:1)
b 100
3 CHCl3 30
4 CH2Cl2 22
5 CH3OH 64
6 CH3CH2OH 58
a Cyclooctene (0.5 mmol), H2O2 (1.5 mL), catalyst (600 mg),
solvent (3 mL).
b CH3CN (1.5 mL) and H2O (1.5 mL).
Figure 7 Effect of time on the epoxidation of cyclooctene using
H2O2 catalyzed by Fe-SBA-15 at room temperature.
alkene epoxidation in presence of hydrogen peroxide 5symmetric stretching vibrations of NH2 groups, respectively,
are hidden by the OH peak related to adsorb H2O. The peaks
at 2905 and 2850 cm1 are assigned to the C–H stretching
vibrations of the methylene groups while the peaks around
1593 and 1404 cm1 correspond to the N–H bending vibration
of NH2. Upon coordination of [Fe(salophen)Cl].H2O to NH2-
SBA, a characteristic band at 1661 cm1 was observed that is
assigned to m(C=N). This shift to upper wave number is proba-
bly attributed to coordination of complex with lone electron
pair of the nitrogen group of NH2 as a sigma donor ligand.
This observation provides sufﬁcient evidence for the successful
coordination of [Fe(salophen)Cl].H2O to NH2-SBA (Fig. 5).
The UV–Vis spectrum (>250 nm) of the H2-salophen
(Fig. 6a) in chloroform consists of relatively intense bands cen-
tered at 271 and 335 nm, assigned to pﬁ p* and nﬁ p*
transitions, respectively (Estiu et al., 1996). After complexationPlease cite this article in press as: Ghazizadeh, M. et al., Iron-functional
application in alkene epoxidation in presence of hydrogen peroxide.
j.arabjc.2013.09.016with Fe(III) (Fig. 6b), several transitions appear in the UV re-
gion that are assigned to ligand-centered (pﬁ p*) transitions
(Rezvani and Crutchley, 1994; Sallivan et al., 1978; Naklicki
and Crutchley, 1989; Hadadzadeh et al., 2006). Moreover, an
intense ligand-to-metal charge transfer band (pClﬁ dFe) ap-
pears at 298 nm in the spectrum of the [Fe(salophen)Cl].H2O
complex. The UV–Vis spectra in the diffuse reﬂectance mode
(Fig. 6c) conﬁrm the presence of Fe(salophen)Cl on the silica
support. The electronic spectrum of [Fe(salophen)Cl].H2O
showed two bands at 298 and 365 nm that appear near to those
in the diffuse reﬂectance spectrum. This exhibits the presence
of Fe(salophen)Cl on NH2-SBA.ized nanoporous silica type SBA-15: Synthesis, characterization and
Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1016/
Figure 8 Effect of amount of catalyst on the epoxidation of
cyclooctene using H2O2 catalyzed by Fe-SBA-15 at room
temperature.
6 M. Ghazizadeh et al.3.2. Catalytic activity
In order optimize conditions for the reaction, the epoxidation
of cyclooctene was studied and different factors including the
effects of reaction time, solvents and amount of catalyst were
investigated. The epoxidation of cyclooctene using hydrogen
peroxide as an oxidant did not proceed under mild reﬂux con-
ditions in the absence of a catalyst.
Initially, in order to choose a suitable solvent for the epoxi-
dation reaction, different solvents were investigated in the pres-
ence of a supported catalyst and hydrogen peroxide. Among theTable 3 Epoxidation of alkenes using H2O2 catalyzed by Fe-SBA-
Entry Alkene
1
2
3
4
5
6
7
a conversions and selectivities were determined by GC based on the sta
b,c The products are benzaldehyde and acetophenone, respectively.
Please cite this article in press as: Ghazizadeh, M. et al., Iron-functional
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j.arabjc.2013.09.016solvents listed (Table 2), a mixture of acetonitrile/water in an
equilibrium ratio was chosen as the optimum reaction solvent
because this gave the highest epoxidation yield.
Next, the reaction was carried out in the presence of a cat-
alyst, hydrogen peroxide, in the acetonitrile/water mixture
over different reaction times. It was found that this reaction re-
quires 5.5 h for completion at room temperature (Fig. 7).
Finally, different amounts of catalyst were used in the epox-
idation of cyclooctene. The results show that full epoxidation
of the starting material was obtained using 600 mg of immobi-
lized [Fe(salophen)Cl] as a heterogeneous catalyst (Fig. 8).
During a reaction time of 5.5 h, cyclooctene converted com-
pletely to the epoxide product under the optimized conditions
at room temperature.
In this study, various alkenes, listed (Table 3), were epoxi-
dized in the presence of supported [Fe(salophen)Cl] at room
temperature under optimized conditions. Characterizations
of the products were achieved by comparing their chromato-
grams with the chromatogram of the standards.3.3. Catalyst reuse and stability
The reusability and stability of the supported Fe(salophen)Cl
were investigated in the repeated epoxidation reactions. Cyclo-
octene was chosen as a model for studying catalyst reuse and
stability in the epoxidation reaction. After each experiment,15.
Conversion (%)a Epoxide selectivity (%)a
100 100
84 100
100b 94
100c 87
78 100
100 100
52 100
rting alkene.
ized nanoporous silica type SBA-15: Synthesis, characterization and
Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1016/
Table 4 The results of the supported Fe(salophen)Cl catalyst
recovery and the iron leached in the epoxidation of cyclooctene
using hydrogen peroxide as oxidant.
Run Epoxide yield (%) Time (h) Fe leached (%)
1 100 5.5 3
2 95 5.5 1
3 92 5.5 0
4 85 5.5 0
5 81 5.5 0
alkene epoxidation in presence of hydrogen peroxide 7the catalyst was separated from the reaction mixture by ﬁltra-
tion, washed with methanol and diethyl ether and dried under
air carefully before use in the subsequent run. After ﬁve con-
secutive uses of the catalyst, the epoxide yield was 81%. The
ﬁltrates were used for the determination of iron leaching by
atomic absorption spectroscopy. The results showed that after
the two next runs, no iron was detected in the reaction mixture
(Table 4).
The Fe(III)salophen catalyst gave comparable or even high-
er yield and percentage conversion values than the homoge-
neous catalysts. Also in comparison with the newly similar
catalysts such as silica-supported Mn(III)salophen (Mirkhani
et al., 2006), silica-supported Ru(III)salophen (Hateﬁ et al.,
2010) and polystyrene-supported Ru(III)salophen (Hateﬁ
et al., 2009) with the existing ones, catalytic activity in some
cases is higher and in the other ones is closed to their results.
It is noticeable that we could use the environmentally benign
oxidant H2O2 and cheaper salts such as FeCl3.6H2O.
4. Conclusion
Many Schiff base complexes have catalytic properties. [Fe(salo-
phen)Cl].H2O has some of the best characteristics for use as an
effective catalyst. This complex was immobilized onto function-
alized SBA-15 via an amine group. The bonding of the support
andmetal-salophen was so strong that [Fe(salophen)Cl] was not
eluted with water or common organic solvents. The Fe(III)salo-
phen catalyst gave comparable or even higher yield and percent-
age conversion values than the homogeneous catalysts. This
heterogeneous Fe(III)salophen catalyst is stable and can be
recycled and reused in the epoxidation of alkenes.Acknowledgment
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